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INTRODUCTION
In the past few decades, a wide range of offshore structures, such as underwater pipelines and offshore platforms, have been built on marine sediments in the Yellow River Delta, China. The foundations of these structures are quite sensitive to marine sediment disturbance, which is significantly influenced by the engineering of the geological environment (Carlos, 2012; Duman et al., 2014; Zheng et al., 2011) . A hard layer with a varying thickness is investigated in the seabed of the Yellow River Delta. In addition, an unconsolidated soft soil layer that is vulnerable to liquefaction and has high mobility is often found under the hard layer. Topographic maps of the subaqueous delta made by SINOPEC Shengli Oilfield have shown that the deposits in the subaqueous delta consist of multilayered marine sediments rather than homogenous sediments (Cao et al., 2013) . Moreover, the seabed in the Yellow River Delta can be classified into five typical multilayered seabed models, which are widely distributed and exhibit unstable topography at a large scale (Chang, 2009; Feng et al., 1999) . Therefore, it is vital to examine the influence of layered deposits when estimating the liquefaction potential within the seabed.
The submarine environment is complicated in the Yellow River Delta, where both regular waves and ocean currents are the loadings that maintain long and stable influences on deposit properties and then, in turn, significantly affect the seabed response and stability. Relevant research results show that the continuous action of waves causes changes in the pore water pressure in the soil, including oscillatory and residual variations (Chowdhury, Dasari, and Nogami, 2006; Liao, Zhao, and Jeng, 2015; Lin et al., 2017; McDougal et al., 1989) . Under combined cyclic loadings of waves and currents, the seabed has large-scale and long-term instability in the form of submarine collapse pits (Tian et al., 2018) . Compared with waves, the combined action of waves and currents significantly affects the pore pressure within the seabed (Duan et al., 2019; Liao, Jeng, and Zhang, 2015; Ye and Jeng, 2012; Zhang, Zhang, and Xu, 2017) . Moreover, the change in the pore pressure is of great significance for estimating the instability of the seabed by wave (current)-induced liquefaction (Zhang et al., 2016) . From the perspective of engineering geology, long-term cyclic wave loading and continuous current energy are the main reasons that contribute to the liquefaction of deposits in the Yellow River Delta. Hence, it is of practical value and significance to explore possible mechanisms of wave and current-induced seabed instability in this special and important submarine area in the Yellow River Delta.
Over the past few decades, numerous studies have been devoted to exploring the mechanisms of wave-seabed interactions (Hsu and Jeng, 1994; Jeng, 2013; Liu, 2016; Sun et al., 2019; Ulker, Rahman, and Jeng, 2009; Zhao et al., 2013) ; however, currents and waves exist simultaneously in natural marine environments, prominently in the Yellow River Delta. Although wave-current interactions have been studied by some researchers (Hsu et al., 2009; Simons, 1982, 1983; Umeyama, 2009) , the seabed response under the combined action of waves and currents has not attracted full attention. Moreover, it has been reported that the soil response has two mechanisms (Nago et al., 1993; Zen and Yamazaki, 1990) , that is, an oscillatory mechanism (Yamamoto et al., 1978) and a residual mechanism (Seed and Rahman, 1978) . Nevertheless, the major disadvantage of relevant existing research is that the wave (current)-induced oscillatory seabed response is more popular (Jeng, 2013) . Based on the presented analytical approximation, Liao, Jeng, and Zhang (2015) performed a parametric analysis of the dynamic soil response under combined wave and current loadings. As for the residual mechanism, Zhang et al. (2016) investigated the wave (current)-induced build-up of pore pressure and the resultant liquefaction. In the previous content, by focusing on the characteristics of the seabed, the wave (current)-induced seabed response within the homogeneous seabed was examined, and the soil permeability and shear modulus were assumed to be constant. It is obvious that the simple homogeneous seabed models cannot accurately characterize the stratified distribution in the natural seabed, especially in the Yellow River Delta. Moreover, Yang and Liu (2018) investigated a silty seabed in the Yellow River Delta and studied the pore pressure and liquefaction in a layered silty seabed, but the accumulation and attenuation of the residual pore pressure have not been simultaneously considered. Furthermore, the antiliquefaction measures were not investigated in their studies, which is necessary to determine the follow-up seabed stability.
To get a better understanding of the above problem, this study proposes an approach for wave-current-sediment interactions to examine the residual pore-pressure response and liquefaction potential of the layered marine deposits. The soil stratification and hydrodynamic environmental characteristics of the Yellow River Delta are depicted first. Then, details of the theoretical formulations of oscillatory and residual mechanisms are presented, in which a third-order approximation of the wave-current interactions is applied to simulate the combined actions of waves and current, and poro-elastoplastic theory is adopted to govern the sediment response. After that, the model is validated with data from previous experimental studies. Finally, a series of analyses of the wave and currentinduced soil liquefaction potential are conducted. Based on numerical results for several layered seabed cases, the influences of soil characteristics on the pore pressure are described. Special attention is given to the effect of replacing an existing layer with a coarser material as a top layer to prevent the underlying sediment from liquefaction.
Engineering Geological Environment of the Yellow River Delta
The lower reaches of the Yellow River have frequently shifted on the North China plain during the past 2000 years (Xue, 1993) . In 1855, the Yellow River began to enter the Bohai Sea, accumulating sediments into the modern Yellow River Delta Complex. The Yellow River shifted from the Diaokou course to the Qingshuigou course in 1976 and shifted again at the north bank of the Qingshuigou course in 1996. Presently, the modern Yellow River Delta is being deposited at a rate of 23 km 2 per year (Pang and Si, 1980) (not including the years when the Yellow River deposited into the Huanghai Sea from 1938 to 1947). As a result, the entire modern Yellow River Delta has experienced complicated patterns of erosion and sedimentation, leading to nonhomogeneous consolidation of the submarine soil.
In this study, the Yellow River Delta was selected as the research area, and the geographic location was the shaded area shown in Figure 1 . Because of the construction of a large number of petroleum engineering facilities, numerous geotechnical investigations have been performed in this area (Li, Zhuang, and Wei, 2000; Sun, Song, and Hu, 2006) , providing comprehensive geotechnical data.
Hydrodynamic Environments
Hydrodynamic conditions are important external factors that threaten seabed stability. The wave (current)-induced hydrodynamic pressure will affect the pore pressure within the seabed because of the propagation of waves (current) over the water surface and the action of cyclic loading. With an increase in the pore pressure, some of the soil within the seabed may become unstable or even liquefy. Once liquefaction occurs, the seabed will behave like a heavy fluid without any resistance to shear load. Meanwhile, hydrodynamic conditions are the necessary external load parameters of the present numerical simulation. In the research area, the ocean current is strong and stable with a long duration (Gong, 2009 ). Based on the field data, the wave parameters of different return periods in the Yellow River Delta are listed in Table 1 . Moreover, in the research area, the rectilinear currents dominate in the coastal areas. The main currents have high velocity, a stable flow direction, and long duration. The data of ocean currents over the past years show that the maximum velocity of ocean current is 1.5 m/s (Chang, 2009) . Therefore, in the following study, the wave parameters of the 50-year return period and the maximum current velocity were adopted when studying the seabed response and stability, except when specified otherwise. In addition, wave propagation with following and opposite currents was considered.
Stratification and Soil Characteristics of the Seabed
In the process of rapid accumulation of sediments in the Yellow River Delta, the seabed is strongly inhomogeneous because of the combined actions of ocean currents and waves. Layered distribution characteristics are obvious within a depth of 20 m (Feng et al., 1999; Keller, Zheng, and Yang, 1991; Qin, 1963) . The accuracy of the seabed response analysis is related to the reliability of the load parameters and the seabed parameters. Therefore, it was necessary to establish the spatially layered structures of the seabed and define the soil characteristics in the research area.
Based on the soil profile characteristics obtained by the field survey, five typical layered seabed models within a depth of 20 m were extracted, as shown in Figure 2 . The soil characteristics of five kinds of layered seabed are listed in Table 2 .
METHODS
To study the seabed response and stability under combined actions of waves and currents, five numerical models corresponding to seabed stratification were established, as shown in Figure 2 . The soil parameters of each layered seabed are listed in Table 2 . The seabed with multiple sublayers is simplified in Figure 3 .
Theoretical Formulations
Numerous laboratory and field measurements have confirmed that the wave and current-induced soil response involves two mechanisms, depending on the manner that the pore pressure is generated (Nago et al., 1993; Zen and Yamazaki, 1990) . One is the oscillatory mechanism caused by the progressive nature of the excess oscillatory pore pressure, which is accompanied by amplitude damping and phase lag (Yamamoto et al., 1978) , Besides, the oscillatory mechanism can only liquefy momentarily in the seabed under wave troughs (Jeng, 2013) . The other mechanism is termed the residual pore pressure, which is the build-up of excess pore pressure caused by the contraction of soil under the action of cyclic loading (Seed and Rahman, 1978) . Residual liquefaction can occur when the build-up of the excess pore pressure exceeds the initial mean normal effective stress (Sumer, 2014) .
Hence, the pore pressure u e can be decomposed as:
where, u ð1Þ e represents the oscillatory pore pressure, and u ð2Þ e stands for the residual pore pressure, which is essentially obtained from the cyclic plasticity (contractive behavior) of the soil (Sassa and Sekiguchi, 1999) .
Oscillatory Mechanism
For the oscillatory mechanism, the porous seabed is considered to be elastic, unsaturated, and hydraulically permeable. Moreover, the soil skeleton and the pore fluid are Table 1 . Wave parameters corresponding to different return periods in the research area (Sun, Song, and Hu, 2006 assumed to be compressible, following Hooke's law. Biot's poroelastic theory (Biot, 1941) is used to govern the oscillatory soil response. For a two-dimensional (2D) problem, the mass conservation can be expressed as:
where, r 2 ¼ ] 2 =]x 2 ; ] 2 =]z 2 À Á is the Laplace's operator, c w is the unit weight of water, n s is the soil porosity, k s is the soil permeability, e s is the volume strain, and b s is the compressibility of the pore fluid, which can be expressed as:
where, u s and w s are the soil displacements in the x and z directions, respectively. K w is the true modulus of water (taken as 2 3 10 9 N/m 2 ; Yamamoto et al., 1978) , S r is the degree of seabed saturation, and P w0 is the absolute water pressure. Based on the linear elasticity theory and Hooke's law, the governing equations for overall equilibrium in a poro-elastic medium are given by:
where, G is the shear modulus of soil, and l s is Poisson's ratio (Jeng, 2013; Liao, Tong, and Chen, 2018) .
Residual Mechanism
For the residual mechanism, the residual component of pore pressure is considered through a plastic constitutive relationship with cumulative contraction of soil under cyclic loading, which leads to the pore pressure accumulation process.
The storage equation relating to deformable soil can be expressed as a relationship between plastic volumetric contraction of the soil e p and the residual pore pressure u ð2Þ e (Sekiguchi, Kita, and Okamoto, 1995) . Therefore, the residual component is governed by:
where, K v stands for the bulk modulus of soil,
For loosely packed sand, the plastic volumetric strain e p under cyclic shearing is related to both the wave-induced shear stress and the number of wave cycles (Sassa and Sekiguchi, 1999) . Referring to the theoretical results derived by Sassa, Sekiguchi, and Miyamamot (2001) , the rate ]e p /]t can be expressed as:
where, n is the number of wave repetitions, which can be defined by n ¼ t/T. The coefficients R, a p , and b p are plastic parameters, e ' p represents the plastic volumetric strain with n ultimately approaching infinity, and v stands for the cyclic shear stress ratio, which can be defined by:
where, s(x, z, t) represents the instantaneous shear stress, which can be obtained by the governing equations of the oscillatory mechanism. Therefore, both the oscillatory and residual mechanisms can be linked with instantaneous effects under the action of wave load. The initial mean normal effective stress is denoted as r 0 0 (Jeng, 2013; Sumer, 2014) , where c 0 is the submerged specific weight of the soil, and k 0 is the coefficient of the lateral earth pressure of which the value is usually 0.42. Substituting Equations (7) and (8) into Equation (6), the equation relating to the residual pore pressure u ð2Þ e can be expressed by introducing n and v. The residual pore pressure u ð2Þ e satisfies:
which is the governing equation for the residual pore pressure accumulation and dissipation considering the plasticity of marine sediments. The first term on the right-hand side is used to denote the accumulation and dissipation velocity. The second term indicates the influence of the number of loading cycles. 
Initial and Boundary Conditions
The oscillatory pore pressure and the displacements within the soil can be obtained by solving governing Equations (2), (4), and (5) with approximate boundary conditions. The residual pore pressure can be calculated by solving governing Equation (9). In addition, several initial and boundary conditions must be specified, including the interface condition between the fluid and seabed domains at the mudline, the boundary conditions at the bottom of the seabed, interfaces between the seabed sublayers, and the lateral boundary conditions.
Boundary Conditions at the Seabed Surface
It is commonly accepted that the vertical effective normal stresses and the shear stresses vanish at the seabed surface and that the oscillatory pore pressure u ð1Þ e is equal to the water pressure induced by the wave-current combined action impacting the seabed surface (Hsu et al., 2009; Liao, Jeng, and Zhang, 2015; Ye and Jeng, 2012) . The residual pore pressure u ð2Þ e is assumed to be zero at the seabed surface (Jeng and Seymour, 2007) :
where, q f is the density of water, g is the gravitational acceleration, k is the wave number, U 0 is the current velocity, x 0 and x 2 are the intermediate frequencies, and x is the wave frequency.
Boundary Conditions at the Seabed Bottom
For soil resting on an impermeable rigid base, zero displacement and no vertical flow occur at the bottom of the seabed, which can be expressed as:
Boundary Conditions at the Matching Interface between the Sublayers At the interface between any two consecutive layers in the seabed, the soil displacements, normal effective stresses, shear stresses, and pore pressure should be concordant. Thus,
at z ¼ -h j , j ¼ 1, 2, 3, . . ., N -1, in which the subscript j denotes the jth sublayer in an N-layered seabed.
Boundary Conditions at the Lateral Boundaries
The lateral boundaries are assumed to be impermeable and rigid. Therefore, at the lateral boundaries, the horizontal displacements of the two lateral boundaries are set to zero and the pore pressure u e is zero in the normal direction n, which can be expressed as:
In this study, the length of the computing domain is three times the wave length (L), which is recognized to be capable of eliminating the influence of lateral boundary conditions on the calculation results (Ye and Jeng, 2012) .
Numerical Scheme
The present seabed models were constructed in the partial differential equation module of COMSOL Multiphysics (COMSOL [2015] ), in which the finite element method is used to solve the governing equations. The equations controling the initial and boundary conditions are all input, and the third-order approximation of the wave-current interactions is applied to simulate the combined action of waves and currents. In addition, the second-order Lagrange elements are employed to ensure a second-order level of accuracy when evaluating the dependent variables in the computational domain. The Generalized-a Method is used for time integration when computing the dynamic soil response under cyclic loading. For more details on COMSOL Multiphysics, refer to COMSOL (2015) . The 2D-structured meshes are used in the computational domain. Meanwhile, the meshes are locally densified near the seabed surface and the matching interfaces of the layered seabed. The seabed model configuration is 2L m 3 20 m, where L is the wave length. A model grid sensitivity analysis is conducted until no significant changes in the numerical solution are achieved.
This paper uses the multilayered seabed Type B as an example to describe the grid sensitivity analysis method. The multilayered seabed is discretized into Lagrange elements with a maximum global element size of 1 m at the region near the bottom layered seabed and a minimum size of 0.25 m at the position near the seabed surface, which contains 4185 elements in total, as shown in Figure 4 . Figure 5 shows the vertical distributions and time histories of the residual pore pressure with different mesh elements (expressed by the total number of elements, N). As shown in the figure, the temporal and spatial distribution of the residual pore pressure can be captured with a little percentage deviation, and the mesh elements achieve satisfactory computational accuracy. The numerical model through grid sensitivity analysis was used for subsequent analysis.
RESULTS
In this section, the 2D numerical model is validated by comparing it with previous laboratory experimental data. Because no available experimental work for the seabed response under combined wave and current loading exists, the present solution is verified against previous work that did not include currents. The verification includes the following three aspects.
(1) The oscillatory seabed response induced by wave loading to verify the applicability of the present numerical model to the oscillatory response of the uniform seabed. 
Oscillatory Seabed Response Induced by the Wave Loading
First, the oscillatory seabed response obtained by solving Biot's consolidation equation is compared with the experimental data of Liu (2016) to verify the simulation accuracy of the wave-induced seabed response. The wave and seabed parameters adopted are listed in Table 3 . Figure 6 presents a comparison of pore pressure between the present model and the experimental results. Figure 6a shows the vertical distribution of the dimensionless maximum pore water pressure (ju ð1Þ e j max /P ws and P ws represents the hydrostatic pressure on the seabed surface). Figure 6b shows the comparison of simulated and experimental pore water pressure (P1) measured at pressure gauge 1 located at 6.7 cm below the seabed surface. As seen in the figure, the overall consistency is shown in Figure 6 , except for the explicable deviation in the deep seabed. This deviation can be attributed to the seabed settlement during the experiment. In general, the present wave-seabed numerical model can be used to simulate waveseabed interactions.
Oscillatory Seabed Response of Two-Layered Seabed
In this section, the seabed response is further validated by the experimental data of Liu (2016) to ensure the simulation accuracy of the layered seabed. The adopted calculation parameters are presented in Table 4 , in which subscripts 1 and 2 denote the parameters of the upper and lower layers, respectively. Figure 7 shows a comparison of the measured and predicted vertical distributions of the maximum pore pressure. As seen in the figure, the numerical results are in a good agreement with the experimental results, although there is a small deviation in the deep seabed. The deviation may be induced by the soil settlement in the experimental process. In general, the present numerical model is capable of simulating the wave-layered seabed interaction thoroughly.
Residual Seabed Response Induced by Wave Loading
It is of great importance to validate the accuracy of the present numerical model to study the residual mechanism. Hence, the laboratory results of Sumer et al. (1999) were adopted for validation. The wave and soil parameters adopted for validation are listed in Table 5 . The sensors of pore pressure Figure 8 . As shown in Figure 8 , the residual pore-pressure comparison generally shows good agreement between the measured data and the present numerical model, except for the acceptable discrepancy in the accumulative rate of the residual pore pressure. The discrepancy may be attributed to the elastoplastic theory used in the present study, in which some sophisticated plastic properties of soil cannot be reflected appropriately by the plastic parameters. Moreover, in practical engineering, the maximum residual pore pressure, which is the main concern of designers, could be captured very well by the present model to guide structural design and construction. Thus, the elastoplastic constitutive relation adopted in the present study can provide a reasonable prediction of the residual pore pressure.
DISCUSSION
The present study focuses on the wave (current)-induced residual pore pressure variation and liquefaction potential within the five kinds of multilayered seabed. The effects of the current and the characteristics of a layered seabed and soil parameters on the residual liquefaction of a multilayered seabed are analyzed in detail. Then, the effect of replacing the existing finer sediment with a coarser material for protecting underlying sediment from liquefaction is analyzed. Based on the hydrodynamic environmental characteristics in the research area listed in Table 1 , the wave parameters of the 50-year return period and the maximum velocity of ocean current in the selected research area (shown in Figure 1 ) are adopted, i.e. the water depth d is 10 m, the wave period T is 8.6 seconds, the wave height H is 5.4 m, and the current velocities are chosen to be 1.5 m/s (the following current) and -1.5 m/s (the opposing current). Moreover, the soil characteristics of the five kinds of layered seabed in the Yellow River Delta listed in Table  2 are considered in the following numerical experiments. In addition, the plastic parameters R, a p , and b p are 4.6 3 10 -5 , 55, and 0.1, respectively (Sassa, Sekiguchi, and Miyamamot, 2001) .
Spatial Distribution and Accumulation of the Residual Pore Pressure
In natural ocean environments, multilayered seabeds are frequently subjected to the actions of strong waves and currents. Using the adopted wave (current) and soil parameters, the vertical distributions and time histories of the maximum residual pore pressure within the multilayered seabed are shown in Figure 9 . The residual response variables are normalized by the maximum dynamic wave pressure at the seabed surface based on the linear wave theory without a current, i.e. P 0 ¼ c w H/(2cosh(kd)). Special attention is paid to the location (labeled as Max l ) and time (labeled as Max t ) of the maximum residual pore pressure in five typical multilayered seabed models, which are listed in Figure 6 . Comparison of pore pressure between the present numerical and experimental results: (a) vertical distribution of the maximum pore pressure; (b) pore pressure measured by pressure gauge 1. Table 4 . Input data for the second validation (Liu, 2016) . Table 6 . For example, the maximum residual pore pressure of Type A appears at z ¼ -0.8 m in the depth direction at t ¼ 40T. As shown in Figure 9 , the models simulate the spatial and temporal distribution of the residual pore pressure. The residual pore pressure increases first and tends to reach its maximum at a certain location Max l before decreasing in the depth direction, as shown in Figure 7a ,c,e,i. As for Type D soil, the permeability of the top layer is relatively large (k s ¼ 6.0 3 10 -4 m/s), and Max l is located in the second layer with smaller permeability (k s ¼ 1.53 3 10 -8 m/s). Moreover, the time history curves of the residual pore pressure at Max l for five typical multilayered seabed models show that the residual pore pressure increases from zero to the maximum value and then decreases gradually. Moreover, the maximum residual pore pressure is greater with the lower permeability within the top layer of each type of soil and accumulates more quickly, for example, in Type B and Type C listed in Table 6 . Moreover, it is clearly shown that the ocean current significantly affects the spatial and temporal distribution of the maximum residual pore pressure within the multilayered seabed. The numerical results show that the amplitudes of the residual pore pressure are basically greater than that without current when a following current exists in the wave field. Similarly, if an opposing current exists, the seabed residual pore pressure will be smaller than the case without current. The influence of the ocean current on the residual seabed response is mainly concentrated in the upper layer of the multilayered seabed. Note that the ocean current does not significantly affect Max l and Max t . As listed in Table 6 , considering or without considering the ocean current, Max l is at z ¼ -0.8 m and Max t is 35T for Type B under the given wave (current) and seabed parameters. This is mainly attributable to the fact that the permeabilities within the upper layer of the five multilayered seabed models are relatively small, for instance, the maximum permeability within the upper layer of the five multilayered seabed models is k s ¼ 6 3 10 À4 m/s, which means that the spatial and temporal variation of the cyclic shear stress ratio v(x, z, t) within the multilayered seabed, defined by Equation (8), is hardly affected by the variation in the impact of the ocean current-induced wave pressure on the seabed surface.
Based on the numerical results, it is noted that the following current may increase the seabed instability (to be discussed further in a subsequent section). The probability of seabed instability (e.g., liquefaction) will increase if the ocean wave and following current coexist regardless of the soil type.
Development of the Residual Liquefaction
Although wave-induced oscillatory liquefaction has been extensively investigated, studies on the influence of the ocean current on the seabed response are scarce. Furthermore, the wave (current)-induced residual liquefaction within the multilayered seabed has not received enough attention. The results mentioned in the previous section show that the residual pore pressure can reach a large value within the top layer with a small permeability, which may lead to residual liquefaction that can be more serious than oscillatory liquefaction. Therefore, in this section, based on the actual wave and current conditions and the seabed layered characteristics, the residual liquefaction within the multilayered seabed is studied further.
As the first approximation of the onset of residual liquefaction, the theory proposed by Sumer (2014) can be used to determine the residual liquefaction potential within a multilayered seabed, i.e. u ð2Þ e ¼ r 0 0 . The source term for the residual pore pressure generation derived in Equation (9) is a 2D and time-dependent function in the present model. This feature Table 5 . Input data for the third validation (Sumer et al., 1999) . directly affects the pattern of the liquefaction zone. Figure 10 depicts the maximum residual liquefaction depth Z l over the nominalized time t/T. Under the selected wave (current) parameters, no residual liquefaction occurs within the Type D or Type E seabeds because the large permeability of the upper layer (k s ¼ 6.03 10 -4 m/s) makes it difficult to accumulate the pore pressure in the underlying layer.
As shown in Figure 10 , the residual liquefaction develops rapidly at first and then tends to maintain a steady liquefaction depth over time. Moreover, the ocean current obviously affects the development trend of residual liquefaction. Compared with the situation without current, the residual liquefaction depth increases more rapidly and achieves a larger value when a following current exists in the wave field. However, when an opposing current exists, the residual liquefaction depth is restrained and achieves a smaller value. For instance, considering Type A, compared with the case without currents (U 0 ¼ 0 m/s), multilayered seabed liquefied occurs at t/T ¼ 5 and U 0 ¼ -1.5 m/s, while seabed liquefaction occurs at t/T ¼ 1.5 and U 0 ¼ 1.5 m/s for the numerical experiments. The top layer with lower permeability is more prone to liquefaction, and for the Type B seabed, the maximum residual liquefaction depth can be as deep as 3.0 m when U 0 ¼ 1.5 m/s. The results show that the following current and relatively small permeability in the top layer can aggravate residual liquefaction, which can further explain why replacing the existing finer sediment with a coarser material is feasible for protecting underlying sediment from liquefaction.
Antiliquefaction Measure Research of Liquefied Multilayered Seabed
Based on the aforementioned results on seabed liquefaction, an upper layer with larger permeability is beneficial for the prevention of liquefaction in a multilayered seabed. On the other hand, the following current can increase the potential for seabed liquefaction, which threatens the seabed stability. Therefore, based on the conservative value adopted in engineering design and construction, the combined action of waves and the following current is considered, with the most unstable type of the five multilayered seabed models, Type B, selected as the analysis object. The protection measure for protecting underlying sediment from liquefaction is studied. Three sets of soil properties are specified as follows:
(1) Medium sand: G ¼ 1.0 3 10 7 N/m 2 , k s ¼ 1. In general, two different categories of placement are often used for seabed protection, namely, adding a new layer or replacing an existing layer in the original seabed. To compare the effects of the two methods on liquefaction protection, Figure  11 depicts the time histories of the residual pore pressure with different antiliquefaction measures, in which d sp denotes the thicknesses of the added layer or the replacement layer. As shown in the figure, for the newly added layer, the maximum residual pore pressure at the location of Max l is as high as 1771 P 0 at d s ¼ 2 m, while the maximum residual pore pressure is only 3.54 P 0 for the replacement layer of the same thickness. This is mainly because the water depth decreases with the increase in the thickness of the added layer and the wave steepness quickly approaches the wave breaking condition, which means that the thickness of the added layer cannot be Figure 9 . The vertical distributions and time histories of the residual pore pressure with different currents: (a) Type
increased further. Therefore, the protection measure of replacing an existing layer in the original seabed for protecting the underlying sediment from liquefaction is adopted.
Residual Pore Pressure Distribution with Antiliquefaction Measure
The vertical distribution and time histories of the residual pore pressure with different materials as the top replacement layer are described in Figures 12-14 . As shown in the figures, when the coarser materials are used as a replacement layer for protecting the underlying primeval original multilayered seabed Type B from liquefaction, the locations of the maximum residual pore pressure u ð2Þ e max are 0.12 m below the original seabed surface and are hardly affected by d sp . When focusing on the residual pore pressure within the underlying finer sediment of Type B, as shown in Figures  12b-14b , the locations of the maximum residual pore pressure within the underlying layer undergo changes, even if the upper replacement layer is reasonably thin. When d sp ¼ 0 m, the maximum values are obtained at 0.8 m below the seabed surface of Type B; however, the maximum value is 0.12 m below the underlying seabed surface when there is a replacement layer. When using a coarser material as the replacement layer, the growth of the residual pore pressure becomes slow, and u ð2Þ e max decreases with an increase in d sp . Compared to Type B, u ð2Þ e max increases because of the influence of the replacement layer with a small d sp , for example, d sp ¼ 1 m. Until d sp reaches a certain thickness, the residual pore pressure u ð2Þ e within the underlying layer can be reduced. It should be noted that no outstanding difference occurs in u ð2Þ e max among different coarse materials. This is because the plastic volumetric strain of the underlying seabed does not change significantly with an increase in the permeability of the replacement layer of the seabed because of the considerable permeability.
The aforementioned results on the distribution of residual pore pressures show that despite the use of the protection measure, the residual pore pressure within the underlying layer is concentrated and can easily overcome the overburden pressure, causing the soil to liquefy. This further threatens the seabed stability and the safety of the marine structures. 
Development of the Residual Liquefaction after Antiliquefaction Measure
It must be noted that seabed liquefaction is a primary concern in offshore engineering practice. Therefore, wave (current)-induced liquefaction should be further studied, especially wave (current)-induced residual liquefaction.
Figures 15-17 present the maximum liquefaction depth vs. d sp with different coarse materials as the upper layer. The maximum residual liquefaction depth within the underlying layer is denoted as L p2 . As shown in the figures, L p2 is restrained because of the upper replacement layer. With the wave (current) parameters used in the numerical experiment, L p2 decreases from 3.04 m to about 1.49 m with d sp ¼ 1 m. Moreover, L p2 decreases with an increase in d sp with the same replacement layer. As mentioned earlier, the maximum residual pore pressure of the underlying layer does not change significantly with the increase of the permeability of the replacement layer. As expected, the antiliquefaction effects of three selected protective materials with large permeability are not significantly different. Therefore, for the protection of residual liquefaction, the protective materials with large permeability can be selected based on the actual situation considering the storage and economic costs.
Based on the previous analysis results, a coarser material can be selected to efficiently prevent seabed Type B from residual liquefaction, and the thickness of the replacement layer needs to be greater than 4 m for the considered conditions.
CONCLUSIONS
Based on the engineering geological environment of the Yellow River Delta, including the wave (current) conditions and multilayered seabed characteristics, the residual response of the multilayered seabed under the combined action of wave and current was analyzed. The accumulation and dissipation of the residual pore pressure considering the plasticity of marine sediments were considered in the governing equations. Attention was given to the effect of replacing the finer sediment with a coarser material to protect the underlying sediment from liquefaction. Based on the numerical study, the following conclusions can be drawn.
Both the oscillatory and residual mechanisms were validated against the experimental data. The comparison indicated that the adopted 2D model is reliable for the prediction of residual pore pressure considering the processes of accumulation and dissipation. The established numerical model can be used to further study the wave (current)-induced residual response of the multilayered seabed in the Yellow River Delta with acceptable accuracy and reliability.
The residual pore pressure and liquefaction of a multilayered seabed are significantly different from that of a conventional single-layer case, which is closely related to the thickness and characteristics of the upper layers. Compared with the underlying layer, an upper layer with sufficient thickness and larger permeability can effectively protect seabeds from residual liquefaction, for example, in seabed Type D. When the upper layer has a smaller permeability and larger thickness, the maximum residual pore pressure within the seabed is larger, and the seabed is more unstable. Seabed Type B is the most unstable seabed, and the protection measure for protecting the upper finer sediment of Type B from liquefaction should be performed to maintain its stability. Ocean current has a significant effect on the residual pore pressure and liquefaction of the multilayered seabed. The following current increases the residual pore pressure and liquefaction depth, while the opposing current prevents the residual pore pressure and liquefaction depth from increasing. Note that the effect of the ocean current on the residual pore pressure is mainly concentrated on the upper seabed, and the degree of influence is related to the characteristics of the upper seabed. Therefore, the combined action of waves and the following current should be considered in the design and analysis of the protection measure to improve the seabed stability.
A replacement layer comprising coarser material with sufficient thickness can effectively restrain the accumulation of pore pressure and reduce the liquefaction depth of the underlying sediment. Note that compared to the original Type B seabed, a replacement layer with a small thickness will increase the maximum residual pore pressure in the underlying sediment until the thickness of the replacement layer reaches a certain limit. The limit value is about 3 m for the most unstable seabed, Type B, under the actions of the considered analytical parameters. Moreover, the protective effect of the selected coarse materials is not much different because of the plastic volumetric strain of the underlying seabed, changing slightly with the variation of the considerable permeability of the replacement layer. The thickness of the replacement layer needs to be greater than 4 m for the considered conditions, which can be used as a reference for the seabed stability protection in the research area of the Yellow River Delta.
